Direct observation of phenomena occurring under atmospheric conditions, especially at the nanometer scale, would offer a unique opportunity to understand the dynamics of various processes. A novel electron microscope, the atmospheric scanning electron microscope (ASEM), has recently been developed and allows for the observation of nanoscale objects under atmospheric conditions. In this paper, we present some examples of dynamic phenomena in polymer materials observed using ASEM. The first example is phase separation of a binary polymer blend upon solvent evaporation, a representative example of a non-linear non-equilibrium phenomenon in physics. Phaseseparated structures were found to appear at the final stage of solvent evaporation. Also, we found that irradiation of organic liquids (e.g., dibenzyl ether) with the ASEM electron beam induced polymerization, and the resulting material showed interesting cathodoluminescence behavior. Thus, ASEM may be useful as a tool for simultaneous polymerization and fabrication, in addition to offering a means for direct nanoscale observation of materials under atmospheric conditions.
Introduction
Polymer materials play important roles in various scientific fields such as electronics, 1 biomaterials, 2 medical devices, 3 and aerospace engineering. 4 The chemical and physical properties of polymer materials are often governed not only by their chemical structures but also by hierarchical structures, a representative example of which is the phase-separated structure of a binary polymer blend. 5 The characterization of phase-separated structures is therefore particularly important for understanding the principles necessary to connect the structure and properties in such materials.
Because phase separation is a representative example of a nonlinear non-equilibrium phenomenon, many studies have been carried out on phase separation in metallic alloys, 6 inorganic glasses, 7 simple liquids, and polymer blends. 5 Although the kinetics of earlyto late-stage phase separation have been studied in considerable detail, [8] [9] [10] the kinetics of the initial stage (formation of concentration fluctuations from the uniform state) are not as well understood. In addition, the solvent-casting process, which is commonly used in making films, often accompanies the phase separation. The direct visualization of the initial stage, especially from the solution state in the casting method, is necessary to understand and ultimately to control the properties of such films.
Electron microscopes are powerful tools for directly observing nanometer-to micrometer-scale structures such as the initial phase separated structures. However, when observed by an electron microscope, such as a scanning electron microscope (SEM) or transmission electron microscope (TEM), specimens must be placed in a high-vacuum chamber; thus, liquid or liquid-containing "wet" specimens are normally excluded. Several approaches to overcome such limitations have been devised, 11, 12 such as an environmental cell in which liquid specimens are sandwiched between two electron-transparent thin films. 13, 14 An alternate approach proposed by Kuwabata et al. is the use of non-volatile electrolytes (i.e., ionic liquids) to coat a wet specimen for SEM observation. 15 SEM observation under low vacuum by cooling wet specimens to prevent evaporation of the solvent has also been reported. 16 However, none of the above techniques allow for in situ observation of dynamic processes such as solvent evaporation.
A novel electron microscopy technique using an atmospheric scanning electron microscope (ASEM) has been recently developed, 17 which enables the observation of specimens under atmospheric pressure. This new device uses as the specimen holder a 3 mL open plastic dish with a thin silicon nitride (SiN) membrane (250 µm © 250 µm, 100 nm thick) at the center. The thin membrane separates the specimen (in the dish under atmospheric pressure) from the high-vacuum SEM optics. 17 ASEM can serve as an ideal tool for observing liquid-based specimens at nanometer-level resolution. In a previously published paper, ASEM was successfully used to observe cells in buffer solutions, 17 crystal growth processes in liquids, and the Brownian motion of silica particles. 18 In this study, we demonstrate example observations of polymer materials under atmospheric pressure at the nanometer scale. Firstly, ASEM was used to perform in situ observation of the formation process of phase-separated structures during solvent evaporation from sample polymer solutions that contained two different polymers. The phase-separated structures were formed at the final stage of solvent evaporation. ASEM showed great promise for directly observing the dynamic processes of polymer materials. Furthermore, we found that irradiation of an aromatic solvent, such as dibenzyl ether, with the ASEM electron beam caused polymerization of the solvent. This electron-polymerized substance demonstrated cathodoluminescence and multi-color fluorescence. This novel polymerization technique may be applicable to other polymers that can be formed by electrolytic polymerization.
Experimental

ASEM setup
The ASEM (JASM-6200; JEOL Ltd., Tokyo, Japan) has both an upright optical microscope and an inverted SEM, which has a tungsten filament as an electron gun. The ASEM's specimen holder dish with the 100-nm-thick SiN membrane is set above the objective lens of the SEM. The 100-nm-thick SiN membrane effectively separates the upper region (under atmospheric pressure) and lower region (under high vacuum) of the ASEM dish. The electron beam incident on the specimen is passed through the membrane, and the backscattered electrons from the specimens are collected with an annular solid-state detector for imaging.
Preparation of polymer blend films for investigation of
image contrast and detectable depth of ASEM observation Commercially available polystyrene (PS), poly(4-vinylpyridine) (P4VP), poly(dimethylsiloxane) (PDMS), and poly(dimethylferrocenylsilane) (PFS) were purchased from Polymer Source Inc. (Quebec, Canada). The characteristics of the polymers are summarized in Table 1 . PS and P4VP were dissolved in chloroform at a solution concentration of 1 wt%. Toluene solutions of 1 wt% PS, PDMS, and PFS were also prepared. Each polymer solution was blended as PS:polymer = 7:3. From the mixture solutions, cast films were prepared by slow evaporation of solvents. The cast films were ultramicrotomed (Ultracut UCT; Leica microsystems, Wetzlar, Germany) to a thickness of approximately 150 nm with a diamond blade at room temperature. An ultrathin section was transferred onto a TEM grid with a 100-nm-thick SiN membrane. To measure detectable depth, 100 nm Au nanoparticles were deposited on the section of PS/PFS film. The sections were observed by using an electron beam at different acceleration voltages: 10, 20, or 30 kV.
2.3
In situ ASEM observation of the formation of phase-separated structures during solvent evaporation Ten microliters of 1 wt% toluene solution containing PS and PFS (PS:PFS = 7:3) was dropped on the SiN membrane of the ASEM dish and the solution was observed with an optical microscope and ASEM during solvent evaporation. A 30 kV electron beam was used for observation, which scanned a 250 µm © 190 µm region for 40 s to acquire ASEM images.
Stability of organic solvent for electron beam irradiation
Ten microliters of toluene, chloroform, and dibenzyl ether were dropped on the SiN membranes of ASEM dishes. The electron beam, which was accelerated at 30 kV, irradiated the droplets through the SiN membranes from below. The region irradiated with the electron beam was controlled by magnification of the observation area. In the case of dibenzyl ether, the deposited material formed under electron beam irradiation was characterized by visible absorption microspectroscopy and fluorescent microspectroscopy, which were performed using an optical microscope (ECLIPSE 80i; Nikon Corporation, Tokyo, Japan) equipped with a multichannel photodetector system (MCPD-7000; Otsuka Electronics Co., Ltd., Osaka, Japan).
Results and Discussion
3.1 Phase separation upon solvent evaporation observed with ASEM To observe phase-separated structures using ASEM, it is crucial to select a pair of polymers that exhibit sufficient contrast in backscattered SEM imaging. Several combinations of polymer blend films were prepared (Table 1 ). Figure 1 shows ASEM images of ultrathin sections of polymer blend films prepared by an ultramicrotome and transferred to the TEM grid with a SiN membrane. As shown in Fig. 1(a) , no structure was apparent in the PS/P4VP film. However, in the PS/PDMS and PS/PFS films [Figs. 1(b), 1(c)], bright spherical domains of PDMS and PFD, respectively, were clearly observed.
Image contrast is dependent on the relative amount of backscattered electrons between the two polymers. The electron backscattering coefficient of polymers can be predicted from their average atomic number. 19, 20 The average atomic numbers of the constituent polymers are listed in Table 1 . From the ASEM observation result (Fig. 1) , we can conclude that the difference of average atomic number must be greater than 0.5 to allow for observation of the phase-separated structures by ASEM. Of the polymer combinations examined in this study, the PS/PFS blend film shows the greatest contrast due to it having the largest difference in average atomic number between its constituent polymers.
In principle, the penetration depth of the electron beam incident on a specimen depends on primarily acceleration voltage; thus, the detectable depth of the specimen for ASEM imaging also depends ) on acceleration voltage. To determine the detectable depth for PS/ PFS blend films, sections with thicknesses from 300 nm to 1 µm were prepared, on which Au nanoparticles of 100 nm in diameter were deposited. The ASEM was used to observe the Au nanoparticles through the sections and SiN membrane (Fig. 2) . When acceleration voltage was set to 10 kV, the Au nanoparticles were slightly visible through only the section with thickness of 300 nm. For acceleration voltage of 20 kV, the Au nanoparticles on the sections with thicknesses of 300 and 500 nm were clearly observed. Additionally, a Au particle was visible on the section with thickness 1 µm, although the edges appeared blurred, indicating that the detectable depth was approximately 1 µm for an acceleration voltage of 20 kV. When the acceleration voltage was set to 30 kV, the Au nanoparticles on all the sections were clearly detected, implying that the detectable depth was deeper than 1 µm for acceleration voltage of 30 kV. In situ observation of the formation process of phase-separated structures with ASEM was performed. Although several kinds of solvents were used for the PS/PFS blend, some of them appeared unstable under electron irradiation (described in more detail in the next subsection). Following this observation, we used the PS/PFS toluene solution as it was one of the most suitable specimens for the in situ observation of phase separation. An acceleration voltage of 30 kV was chosen to allow electrons to be detected from deep inside the PS/PFS toluene solution. Figure 3 shows the optical micrographs and ASEM images of the PS/PFS toluene solution during solvent evaporation. In the early stage of the solvent evaporation process, uniform intensity was observed in the ASEM image [ Fig. 4(d) ], and until time t = 30 min after the onset of solvent evaporation (t = 0 min), no obvious change in the ASEM images was seen. At t > 30 min, image intensity gradually increased as shown in Fig. 3(e) . At t = 43.5 min, the phase-separated structures were slightly observable [ Fig. 3(f )] . A large circular domain appeared in the center of the ASEM image, and small spherical bright PSF domains were slightly visible around the large domain. The optical micrograph [ Fig. 3(c) ] shows that the thickness of the large circular domain is greater than that of the surrounding region.
As shown in Figs. 3(g) and 3(h) , the small spherical domains rapidly grew and the intensity of electrons increased within 1.5 min. Finally, the growth of the domains stopped. Though the detailed kinetics of this phase separation upon solvent evaporation require further investigation, these ASEM images indicate that the PFS molecules in solution precipitated surprisingly rapidly at the final stage of the solvent evaporation process.
Stability of solvent upon electron radiation
To apply ASEM to observe various phenomena occurring in polymer solutions, the stability of the organic solvents under electron beam irradiation must be investigated with respect to any possible chemical reactions in the liquid that could be induced by the electron beam. Because the electron beam in conventional SEM cannot be applied to organic solvents at atmospheric pressure, no reports yet describe the stability of organic solvents under such electron beam irradiation. Figure 4 shows ASEM images of typical organic solvents after irradiation with an electron beam accelerated at 30 kV. For toluene, there is no significant change by electron beam irradiation [ Fig. 4(a) ]. When chloroform was irradiated by the electron beam, many dark spherical structures consecutively appeared, indicating that the electron beam had induced some chemical reaction. In ASEM images, dark regions indicate a lower intensity of reflected electrons than in bright regions. In Fig. 4(b) , the brighter regions represent liquid chloroform; therefore, the dark spherical structures are likely regions with lower density, such as gases. Because chloroform contains three Cl atoms, which withdraw electrons from the C atom, the covalent bonding between Cl and C is polarized. The irradiating electrons cleave the Cl-C bonding, thereby generating chlorine gas, which was observed as a dark spherical structure in the ASEM image. Conversely, when dibenzyl ether was irradiated with the electron beam, a bright region was observed [ Fig. 4(c) ]. The size of the product was almost the same as, or possibly slightly larger than, the scan area of the electron beam. Furthermore, acceleration voltage higher than 20 kV and high magnification with a scan area of less than 20 µm 2 were required to obtain this product from dibenzyl ether. Given these results, we Electrochemistry, 82(5), 359-363 (2014) expected that the product was generated by applying an electron beam with sufficiently high energy and flux.
Organic cathodoluminescence of dibenzyl ether induced
by electron polymerization Figure 5 (a) shows an optical micrograph of dibenzyl ether under ASEM electron beam irradiation. We found that the liquid within the scan area exhibited strong luminescence during irradiation. While cathodoluminescence in inorganic materials has been widely reported, there are few reports concerning organic compounds. This is the first report of cathodoluminescence specifically in an organic liquid. Figure 5(b) shows the visible absorption spectrum of deposited material formed under electron beam irradiation in the dibenzyl ether. The material exhibited broad absorption peaks at around 450 nm, which broadened further with increased irradiation time. Because the adsorption spectrum of this kind of polymer depends on the conjugation length of the concatenated aromatic rings, this result implies that the product was made not of a single component but rather of a mixture of various types of oligomers with different molecular weights and different branching. The fluorescence behavior of the resulting product was additionally examined by irradiation with lights of various wavelengths: = 400, 430, 505, and 575 nm. The intensity of emitted light was detected [ Fig. 4(c) ]. The peak positions of the emitted light were shifted to slightly longer wavelengths than the excitation wavelength. It is interesting to note that fluorescence resonance energy transfer, 21 which generally occurs among adjacent fluorescent molecules, was not observed. Consequently, the products formed under electron beam irradiation exhibited luminescence in various colors, depending on the wavelength of the excitation light [Figs. 5(e)-5(g)].
The same experiment was also carried out for three other aromatic compounds, namely, benzene, phenyl ether, and anisole. In the case of phenyl ether and anisole, the reaction proceeded very quickly upon irradiation in comparison with dibenzyl ether. In contrast, the reaction in benzene was relatively slow. Whitten's group has reported that the electron-induced polymerization of aromatic compounds and the reaction mechanisms are supposed to be similar as an electrolytic polymerization. 22, 23 Therefore, in our experiment, electron beam also generates a free radical on the aromatic rings, which are stabilized by an electron-donating oxygen atom next to the aromatic ring, the subsequent coupling reaction of radical intermediates may occur repeatedly during electron beam irradiation. This unique feature of materials formed under electron beam irradiation appears promising for development and applications in photolithography, sensor science, and other areas of research.
Conclusion
In this report, we presented several applications of ASEM and demonstrated its promise for opening up new avenues of research in soft materials science. The phase separation of a polymer blend, which is a representative example of a non-linear non-equilibrium phenomenon, was examined by ASEM, with particular emphasis on the initial stage of phase separation upon solvent evaporation. Because the polymer blend solution is in a liquid state, in situ direct imaging at nanometer-scale resolution has previously been almost impossible. By choosing a suitable solvent, polymer combination, and optical setup for the ASEM, the formation process of phaseseparated structures from polymer solutions was observed during solvent evaporation. The results of the in situ observation revealed that the phase-separated structures were formed at the final stage of the solvent evaporation process. This report is the first to explore in situ observation of polymer materials by electron microscopy under ambient conditions (at room temperature under atmospheric pressure). In the future, various dynamic processes of polymer materials can be observed with ASEMs, which will be useful for elucidating the underlying principles.
We also found that irradiation of organic solvents with electrons induced polymerization in aromatic solvents such as dibenzyl ether. The electron-polymerized products demonstrated cathodoluminescence and multi-color fluorescence. Additionally, this new polymerization technique is applicable to other polymers that can be formed by electrolytic polymerization. Electrochemistry, 82(5), 359-363 (2014) 
